Objective-Depression and obesity share overlapping psychosocial and pathophysiological etiologies. Animal models suggest that impaired leptin production, or leptin resistance, may contribute to depression. The link between leptin and depression could be mediated by obesity, which is more common in depression and increases leptin production.
BACKGROUND
Major depression affects approximately 14.8 million Americans age 18 and older each year, causing significant morbidity, and is a leading cause of disability in the US for adults ages 15-44 (1) . Inflammation is being increasingly recognized as a mechanism that may contribute to the pathogenesis of clinical depression, as it has been documented that peripheral hormonal and inflammatory signals can access the brain and activate relevant cell types, such as microglia, that serve to amplify central inflammatory responses.
Leptin is a 16 kDa hormone secreted by adipose tissue that plays a key role in regulating energy intake and expenditure. Leptin is transported across the blood-brain barrier, and in the central nervous system interacts with specific receptors in the hypothalamus to maintain energy homeostasis (2) . Energy deficient states result in reduced leptin levels, leading to activation of feeding stimulants such as neuropeptide Y and agouti-related protein, whereas states of energy excess results in increased leptin levels, and subsequent activation of appetite suppressants such as pro-opiomelanocortin (2, 3) . Obesity is associated with higher levels of leptin, reflecting, in part, increased production by adipocytes. Moreover, levels of leptin may be higher in obese individuals due to leptin resistance, in a similar way that type 2 diabetics are resistant to insulin (2) . In addition to its role in energy homeostasis, leptin has direct pro-inflammatory effects (4, 5) . Previous research indicates that leptin activates circulating monocytes and upregulates in vivo production of interleukin (IL)-6 and tumor necrosis factor (TNF-) alpha (4, 6) .
Depression and obesity share overlapping psychosocial and pathophysiological etiologies, and an association between the two conditions has been seen in many population-based studies. (7, 8) . Potential explanations for this association are known to be complex and not entirely clear (8) . Conceptually, the association of leptin with psychiatric disorders may relate both to its metabolic properties and neurobiological functions (9) . Animal models suggest that impaired leptin production may contribute to depression (10, 11) . Rats or mice exposed to chronic stress that display behavioral deficits similar to human depression show decreased levels of leptin. In these mice, systemic administration of leptin reversed those behavioral deficits (10, 12) . Prior studies in humans have been unable to reach a consensus, and have found both high and low levels of leptin in depressed patients, while others have shown no association (13) (14) (15) (16) (17) . We sought to investigate the association of depression and leptin in a community-based population, with the hypothesis that the association between leptin and depression is modulated by adiposity.
METHODS

Study sample
The Morehouse and Emory Team up to Eliminate Health Disparities (META-Health) Study was a two-stage cross-sectional study of both traditional and psychosocial risk factors for cardiovascular disease (CVD). Participants were recruited from March 2006 to October 2009. The first stage was a random digit dialing survey of African American and White residents of metropolitan Atlanta, ages 30 to 65 years (n=3391); the second stage included participants (n=753) who agreed to come to either Emory or Morehouse Schools of Medicine for a detailed study visit. Detailed information on demographics and anthropometrics was collected. Blood pressure was measured with a sphygmomanometer after five minutes of rest, and was based on the average of the final two of three readings measured five minutes apart. Height, weight, and waist circumference were measured. Waist circumference was based on the average of three readings taken at the level of the iliac crest. Body mass index (BMI) was calculated as weight in kilograms divided by height in meters squared (kg/m 2 ). Smoking history, obtained using standardized questionnaires, was defined as current, or never/former (no cigarettes within the past 30 days). Pregnant women and those with acute illnesses were excluded. The study was approved by the Emory University and Morehouse University Institutional Review Committees. Informed consent was obtained from all participants.
Measurement of depression
Of the 753 participants enrolled in the META-Health study, 597 completed the Beck Depression Inventory (BDI)-II, a self-administered validated 21-item scale that assesses depressive symptoms experienced during the previous 2 weeks (18) . Compared to those who completed the assessment, there was a higher percentage of males (61% vs. 38%, p<0.001) and African Americans (66% vs. 49%, p<0.001) in the 156 participants who did not complete the BDI-II. The BDI-II score provides a continuous scale of depressive symptoms from 0 to 63. Higher scores indicate more severe depressive symptoms; scores 0-13 denote minimal to no depression; scores 14-19 mild depression; scores 20-28 moderate depression; and scores 29-63 severe depression. If more than 2 BDI-II questions were missing, the score was set to missing (n=2); however, if only 1 to 2 questions were missing, the mean response from the non-missing questions was substituted for the missing values (n=35) (19) . The internal consistency (Cronbach's alpha) of the scale was 0.9 in our study population.
Laboratory analyses
Participants were instructed to fast for 12 hours before the study visit. Venous blood was collected in sodium heparin tubes, and serum levels of high density lipoprotein cholesterol (HDL-C), triglycerides, and glucose were measured by spectrophotometry. Plasma was frozen at −70°C for subsequent measurement of adipokines and inflammatory markers. High sensitivity C-reactive protein (CRP) was measured by immunonephelometry (Siemens/Dade Behring). Leptin and adiponectin were measured using a Fluorokine MAP cytokine multiplex kit (R&D Systems, Minneapolis MN) designed for the Luminex 100 (BioRad Bioplex). Briefly, samples are incubated with color-coded beads that are pre-coated with analyte-specific capture antibodies. Expression levels are determined following incubation with a biotinylated detection antibody and streptavidin-conjugated phycoerythrin (PE). Using a Luminex® analyzer, independent lasers determine the color of each bead and the magnitude of the PE-derived signal, which is directly proportional to the levels of bound analyte.
Statistical methods
In the main analyses, total BDI-II score was analyzed as a continuous variable; however, to provide a clinical perspective, analyses with BDI-II categories (minimal depression vs. mild to severe) were also conducted. Age, BMI, waist circumference, systolic and diastolic blood pressure, HDL-C, triglycerides, and glucose were used as continuous variables. Continuous variables were tested for normality using the Kolmogorov-Smirnov criterion. Because the distribution of leptin was skewed, natural log transformed levels were used for any parametric analysis.
Multivariable linear regression models were conducted in order to test the association of depressive symptoms with leptin levels after adjusting for covariates. Covariates were selected a priori, based on their known or potential association with leptin levels, as well as with depressive symptoms. Analyses were conducted in the following steps: Model 1) total BDI-II score as the sole explanatory variable; Model 2) demographic and metabolic risk factors (age, gender, race, smoking status, history of hypertension and diabetes, blood pressure, triglycerides, HDL-C, and glucose) were added; Model 3) CRP was added; Model 4) BMI was added. Additional analyses were performed to evaluate the importance of waist circumference, so the linear regression models were repeated using waist in place of BMI in Model 4. The Sobel test was performed to estimate the total, direct, and indirect effects of the total BDI-II score on leptin levels with adiposity as a mediator variable (20, 21) . Because of the known association of leptin with adiponectin, the association of depression with adiponectin was examined as well. Further exploratory analyses were performed in order to define the presence of an interaction of depressive symptoms with BMI. Additional analyses were conducted with BMI treated as a categorical variable classified as low to normal, BMI ≤ 24.9 kg/m 2 ; overweight, BMI 25-29.9 kg/m 2 ; and obese, BMI ≥ 30 kg/m 2 . All tests of statistical significance were 2-tailed, and P values <0.05 were considered significant. Statistical analyses were performed using SPSS, Inc. v17.0.
RESULTS
Subject characteristics
Of the 597 participants with BDI-II data, 57 were excluded because of missing leptin values, and 3 were excluded because the values were potential outliers (leptin values >2.5 standard deviations (SD) above the mean). Demographic and clinical characteristics of the remaining 537 participants are presented in Table 1 . The mean age was 51±9 years. Females comprised 61% of the sample, and 49% were African American.
Univariate associations between metabolic risk factors and depression
Total BDI-II scores correlated positively with history of hypertension and diabetes, BMI, waist circumference, blood pressure, triglycerides, and CRP, and there was a tendency towards a positive correlation with glucose (p=0.058). Leptin levels correlated positively with female gender, African American race, history of hypertension and diabetes, BMI, waist circumference, blood pressure, triglycerides, glucose, and CRP, and there was a tendency towards a positive correlation with age (p=0.055). Leptin levels were inversely correlated with current smoking and adiponectin levels.
Associations between depression, leptin levels, and adiposity
There was an increase in leptin levels with increasing BDI-II score. Participants with moderate to severe depression had higher levels of leptin than those with mild, or minimal to no depression ( Figure 1 ). With BDI-II as a continuous variable, a 1-point increase in BDI-II score was associated with 17% higher leptin levels ( Table 2 ). After multivariate adjustment for age, gender, race, history of hypertension and diabetes, blood pressure, lipids, glucose, and CRP, the BDI-II score remained a significant predictor of leptin levels (Table 3 ). However, further adjustment for BMI eliminated the association between the BDI-II score and leptin. BMI explained 59% of the variance in leptin levels, based on the partial R 2 from the regression model. The Sobel test confirmed that BMI significantly mediated the relationship between the BDI-II score and leptin levels (test statistic= 4.9, p<0.0001). Other significant predictors of higher leptin levels after multivariate adjustment included age, female gender, triglycerides, and CRP, while current smoking was associated with lower leptin levels (Table 3) .
To further examine the association of depression with adiposity, waist circumference was substituted for BMI in multivariable model 4. Adjusting for waist circumference revealed similar findings, in that the association between the BDI-II score and leptin was eliminated. Waist circumference remained independently associated with leptin levels (β=0.506, p<0.001) after adjusting for covariates, and explained 54% of the variance in leptin levels. The Sobel test confirmed that waist also significantly mediates the relationship between the BDI-II score and leptin levels (test statistic= 4.5, p<0.0001).
Association between depression and adiponectin levels
There was no difference in adiponectin levels among participants with minimal to no depression, mild depression, or moderate to severe depression (67.5 [38.6, 156.4] 
Secondary analyses
In the adjusted model including the same covariates as above, there was a trend towards a significant interaction effect of BMI and BDI-II scores (p=0.06). As seen in Figure 2 , stratifying participants according to obesity status revealed that low to normal weight participants with moderate to severe depression had lower levels of leptin than those with mild or minimal to no depression (p<0.05). However, overweight and obese participants with moderate to severe depression had higher levels of leptin than those with mild or minimal to no depression (p=0.01 and 0.004, respectively). After adjusting for covariates, BDI-II scores showed a borderline significant association with higher leptin levels (β=0.107, p=0.06) in obese participants. There were no interactions based on race or gender.
DISCUSSION
In this community-based sample, we found that the association between leptin and depression was mediated by adiposity. BMI accounted for 61% of the variance in leptin levels, and was a significant mediator in the association of BDI-II scores and leptin. Similarly, waist circumference was independently associated with leptin levels. Still, secondary analyses revealed a borderline significant interaction of obesity and depressive symptoms, such that low to normal weight participants with moderate to severe depression had lower levels of leptin than those with mild or minimal to no depression, while overweight and obese participants with moderate to severe depression had higher levels of leptin than those with mild or minimal to no depression. These results demonstrate that the association between depression and leptin varies based on obesity status.
Several neuropeptide systems are involved in the regulation of mood and body weight, and the hypothalamic-pituitary (HPA) axis seems to play a key role in the association of depression and obesity. The negative feedback response to cortisol mediated by the glucocorticoid receptor appears to be impaired in depressed patients, leading to a dysregulated HPA axis (22) . Cortisol acts directly on adipose tissue, and increases leptin synthesis and secretion in humans. Leptin itself is considered a vital element in HPA regulation (23) . Leptin is expressed in both the hypothalamus and pituitary gland, where it modulates corticotropin-releasing hormone (CRH) and adrenocorticotropin releasing hormone (ACTH), acting in an autocrine-paracrine manner to suppress the appetite stimulating effects of glucocorticoids (24) .
It remains uncertain whether depressive symptoms lead to behaviors that promote weight gain, and the inflammation related to obesity further promotes depressive symptoms, or whether adipokines such as leptin upregulate the expression of inflammatory molecules that promote depressive symptoms. Miller et al. explored the inter-relationships between depression, adiposity, and inflammation in 100 young adults, 50 of whom were depressed while 50 served as healthy controls (25, 26) . The authors found that depression was associated with increased expression of inflammatory markers, and that increased body mass was partially responsible for this relationship (25) . Furthermore, the authors found a joint pathway model which suggested that depressive symptoms promote weight gain, which in turn activates an inflammatory response through at least two distinct pathways (26) . The first pathway involves increased release of interleukin-6 (IL-6) from expanded adipose tissue, which in turn promotes increased expression of CRP. In addition, expanded adipose tissue contributes to elevated levels of leptin. Leptin in turn binds to its receptor on leukocytes and vascular endothelial cells, upregulating the release of IL-6, and CRP further downstream. Notably, the findings did not support a sickness behavior model whereby the inflammation arising from adiposity and leptin produced depressive symptoms. Previous work from our group and others has shown an association between CRP and depressive symptoms (27) . Although CRP was significantly associated with leptin levels and depressive symptoms in our analysis, it did not account for the association between leptin and depressive symptoms.
Similar to our findings, higher levels of leptin have been noted in depressed patients compared to healthy controls in several previous studies. Zeman et al. noted higher levels of leptin in 38 depressed women compared with 38 healthy controls (28) . Pasco et al. noted higher leptin levels in 83 depressed women compared with 427 non-depressed women (29) . Moreover, women with incident depression over five years tended to have a higher BMI; however, elevated serum leptin predicted the development of depression even after adjusting for BMI. Similarly, Gecici et al reported higher levels of leptin in 57 patients with atypical depression compared to 27 healthy controls (30) . In contrast, several other studies have noted lower levels of leptin in depressed patients. Kraus et al. noted lower levels of leptin in 62 patients with clinical depression compared to 64 healthy controls (15) . In their analysis, there was no significant difference in BMI between the depressed patients (24.6±4.2) and the control patients (22.8±3.0); notably, this appeared to be a predominantly normal weight population and is consistent with our findings in normal weight individuals in our cohort. Jow et al. also noted lower levels of plasma leptin in depressed patients compared to healthy controls (31) . Notably, the depressed patients in this analysis had lower BMI than both the schizophrenics and the healthy controls. Thus, although seemingly contradictory, our findings are similar to previous analyses in that depressed patients with low to normal BMI display lower levels of leptin; additionally, similar to the findings of Pasco et al. (29) , we found that depressed patients with overweight and/or obesity display higher levels of leptin.
Recently, Lu et al. proposed an explanation for the seemingly contradictory findings of both low and high leptin levels being associated with depressive symptoms (32) . Although low leptin levels have been associated with depression, leptin insufficiency may occur in only a subset of depressed patients. In other patients, the high leptin levels observed with obesity may be indicative of leptin resistance. Leptin resistance could occur at several levels, including impaired transport of leptin across the blood-brain barrier, reduced function of the leptin receptor, and defects in signal transduction (33) . Thus, despite higher levels of leptin in obese patients, functional leptin resistance could contribute to a similar phenotype seen in those who are leptin insufficient. These data, along with our own findings, suggest that it may not be the absolute concentration of leptin that is correlated with mood, but rather the ability of the hormone to induce an effect at the receptor or postreceptor level (9) .
Recent experiments in mouse models confirm the hypothesis that the effect of leptin at the receptor level may be more important than its absolute concentration (34) . In normal weight mice who exhibit depressive behavior, administration of leptin demonstrates anti-depressive effect and increases expression of neuronal activation markers, in the hippocampus. However in obese mice whose leptin levels were higher than normal weight mice, leptin neither induced anti-depressive effect, nor did it increase expression of activation markers in the hippocampus. Furthermore, diet substitution and weight loss in the obese mice normalized leptin levels, and restored the anti-depressive effect of leptin.
Previous studies examining the relationship between serum adiponectin levels and depression have produced conflicting results. Lehto et al. observed lower levels of adiponectin in 70 patients with major depression compared to healthy controls (35) .
Similarly, Leo et al. noted that patients with major depression displayed lower adiponectin levels compared to healthy controls, and that adiponectin significantly correlated with depression severity (36) . Other studies, however, have found no association between depressive symptoms and adiponectin (37, 38) . Similarly, we did not find an association between adiponectin and depression in our sample, and further investigation is needed to clarify the role of adiponectin in mood disorders.
We acknowledge a few limitations of our study. First, the study design was cross-sectional, thus temporal and/or causal associations between depression, adiposity, and leptin could not be examined. Second, depressive symptoms were obtained by self-report. However, the use of clinically trained interviewers to ascertain diagnoses of depression is prohibitively cumbersome in large community surveys. Furthermore, the diagnostic agreement of the BDI-II and psychiatric clinical interview is high (18) . Third, the overall prevalence of moderate to severe depression was low in our population, and we lacked information on a clinical diagnosis of major depression or other axis I psychiatric conditions. Furthermore, we lacked information on the use of psychoactive medications, which have been shown to affect leptin levels in previous analyses (39) . Finally, we lacked information on alcohol consumption, as elevated levels of leptin have been associated with alcohol dependence (9, 40, 41) .
In conclusion, we have found that the association of depression and leptin is mediated by adiposity in this community-based sample. The correlation between depressive symptoms and obesity may occur through dysregulation of the HPA axis, and this relationship may further depend on obesity. Our results suggest that future investigations should focus on the ability of leptin to induce effects at the receptor level in order to truly understand its association with mood. The implications of our findings are that leptin as a potential treatment for depression may have different effects in patients whose depression is related to leptin insufficiency, compared to those whose depressive symptoms are related to leptin resistance. Further research is needed to investigate these relationships. Median levels of leptin by categories of depression. BDI-II scores 0-13, minimal depression; 14-19, mild depression; 20-28, moderate depression; and 29-63 severe depression. Median levels of leptin by categories of body mass index and severity of depressive symptoms. Values are adjusted for age, race, gender, blood pressure, lipids, and CRP. BDI-II scores 0-13, minimal to no depression; 14-19, mild depression; 20-63, moderate to severe depression. *p<0.05. Values shown are mean ± standard deviation, median (interquartile range) or N (%). BDI-II scores 0-13, minimal to no depression; 14-19, mild depression; 20-63, moderate to severe depression. SBP, systolic blood pressure; DBP, diastolic blood pressure; HDL-C, high density lipoprotein cholesterol; CRP, C-reactive protein; BMI, body mass index.
Table 2
Spearman correlations between total BDI-II scores, leptin levels, and demographic and metabolic variables. BMI, body mass index, SBP, systolic blood pressure; TG, triglycerides; HDL-C, high density lipoprotein cholesterol; CRP, C-reactive protein. Table 3 Linear regression of risk factors with ln leptin levels. 
